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The driven state of a well-ordered flux line lattice in a single crystal of 2H-NbSe2 in 
the time domain has revealed the presence of substantial fluctuations in velocity, 
with large and distinct time periods (~ seconds). A superposition of a periodic drive 
in the driven vortex lattice causes distinct changes in these fluctuations. We propose 
that prior to onset of the peak effect there exist hithertofore unexplored regime of 
coherent dynamics, with unexpected behaviour in velocity fluctuations.  
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The statistical mechanics of vortices  driven through a random pinning environment is a 
prototype for studying other driven condensed matter systems, like, charge density 
waves, Wigner crystals1,2,3,4,5, etc. In recent times an intensely investigated area of study 
has been the peak effect (PE) regime, where there is an anomalous increase in the critical 
current, Ic(H,T)6 in the vicinity of the upper critical field (Hc2(T)). Characteristic 
behaviour in the voltage (V) response7,8,9, when magnetic field, temperature and/or 
transport current are varied; history dependent dynamic response7,10 and significant 
increase in the low frequency noise11,12,13,14,15,16,17, etc. are some of the reported 
manifestations of PE. Structurally, the vortex state in the PE regime has an admixture of 
ordered (weakly pinned) and disordered (stronger pinned) phases18,19,20,21,22,23,24,25. 
Dynamic variations in the relative fractions of ordered and disordered phases for the 
driven vortex matter are considered to be responsible for the observed features in the PE 
regime11,12,18. Absence of reports of such anomalies well before the onset of the PE 
phenomenon has fortified the notion that the elastic vortex solid phase prior to PE is 
benign. However, few recent studies have implied other features prior to the PE viz., in 
the dissipation behaviour for the quasi-static vortex state26, and also in its response time 
to a current (drive)27 pulse. Our present investigations reveal slow temporal velocity 
fluctuations with characteristic low frequencies, across this elastic regime. These 
fluctuations evolve on increasing field towards, and across the PE region. Further, we 
also find nonlinear modulation in the velocity fluctuations in the elastic state by 
superimposition of a small ac-perturbation. These results call for exploring the nature of 
vortex dynamics beyond the existing knowledge related to the statistical physics of the 
driven vortex state. 
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 We chose a superconducting compound 2H-NbSe2 (single crystals with Tc(0) ∼ 7 K, 
dimensions  2.5 x 1.5 x 0.1 mm3), as it typically possess≈ 7 very low jc/j0 ~ 10-6 ( jc: the 
critical depinning current density and j0: the de-pairing current density). Isothermal 
electrical transport measurements were performed using a standard four probe geometry, 
with the dc magnetic field (H) applied parallel to the c-axis and the current (Idc) along  the 
crystals ab plane. In our sample, the residual resistance ratio (RRR), R(300 K)/R(10 K)10 
is 5. Fig. 1 shows the plots of resistance (R) versus H in the single crystal at 4 K (red 
circles) and 4.5 K (green triangles), respectively. At 4 K, for H < 2.5 kOe and dc current 
Idc = 30 mA, R < 0.1 mΩ, which implies an immobile, pinned vortex state. Beyond 2.5 
kOe, the FLL gets de-pinned and R increases to mΩ range, implying the Ic to be 30 mA 
(at 4 K, 2.5 kOe). The inset (a) in Fig.1 shows that voltage versus current (V-Idc) at 4 K 
and 7.6 kOe fits to V ~ (Idc – Ic)β, where β ~ 2 and Ic = 18 mA (criterion used: at I = Ic, V 
> 5 μV). Earlier studies revealed that β  > 1 corresponded to the driven state of a weakly 
pinned vortex solid prior to the PE7,19,20. The differential resistance plot [(dV/dIdc) vs Idc] 
in the same inset indicates a nonlinear I-V response at Idc = 30 mA. Note, however, that 
the differential resistance (at 7.6 kOe, 4 K) does not display any peak7,17 feature 
characteristic of the entry into the PE regime. A threshold field marked Hpl in Fig.1 
identifies the onset field of the PE region. The inset (b) in Fig.1 shows the phase diagram 
for the vortex matter driven with Idc = 30 mA in the given crystal for H || c. In Fig.1, we 
designate the region I as the pinned state and the weakly disordered - driven vortex state 
forms a major part of the region II. The interval, Hpl < H < Hc2 , is divided into two parts 
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(regions III and IV, respectively). The upper (field) limit of the region III identifies the 
end of the PE, where the pinning in the bulk nearly ceases.  
 
Figures 2 and 3 summarize the results of investigations in time (t) domain.  The protocol 
for measurements was as follows: At a given H and Idc, the voltage V0 across the sample 
was recorded by averaging over a large number of measurements (~ 100). To measure the 
time series, we captured the voltage response (V(t)) at T = 4.5 K with a resolution of 35 
ms. The measurement of V(t) response at a given (H, T )  is triggered by switching-on Idc. 
We begin recording V(t) after confirming that its time averaged value (<V(t)>) has 
approached its nominal mean (~V0). The stack of panels (a) to (f) in Fig.2 show V(t) at T 
= 4.5 K for different driven regimes, viz., (a): the just de-pinned state (H << Hpl), (b): the 
weakly disordered - driven vortex state prior to the PE (H < Hpl), (c): above the onset of 
the plastic regime (H > Hpl), and (d) and (e): deep inside the plastic regime (H ≥  peak 
field of the PE) and (f) in the normal state (at T > Tc). A striking feature inferred is the 
fractional change in the V(t) about V0, varying from few percent to few tens of percent of 
V0 for H < Hc2, to about 0.02% in the normal state (e.g. at 10 K and 10 kOe). The noise 
level in the normal state was ~ HznV /10 . Such conspicuously large amplitude slow 
fluctuations about V0 sustained prior to the PE (upto 7.6 kOe), begin to degrade on 
entering the PE regime (i.e., see panels (c) and (d) in Fig.2). To overcome the influence 
of the inevitably present random electronic noise, the panels (g) to (l) show the voltage-
voltage correlation function, C(t) ( )()(12
0
tVttV
V
′+′= ), calculated from the V(t) signals 
in Fig 2. The C(t)  plots in panels (g) to (l) in Fig.2 reveal interesting velocity correlations 
in time, viz., distinct nearly periodic fluctuations at 7.6 kOe (H < Hpl in panel (h)) shift in 
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frequency at H > Hpl viz., at 10.8 kOe (cf. panel (i)). The C(t) in the normal state 
(Fig.2(l)) is featureless. 
 
The power spectrum was deduced via the fast Fourier transform (FFT) of C(t), 
determined numerically, see panels (m) to (r) in Fig.2. At 2.6 kOe, for the just depinned 
vortex array at Idc = 30 mA, there are two peak-like features, centered around 0.25 Hz and 
2 Hz (Fig.2(m)). For the driven state of the weakly disordered vortex solid prior to the PE 
at 7.6 kOe, a distinct sharp peak develops close to 0.25 Hz (Fig.2(n)), with an amplitude 
nearly five times that at 0.25 Hz for 2.6 kOe. Within the plastic regime (H > Hpl) at 10.8 
kOe, the strongest peak is close to 2 Hz (Fig.2(o)). Beyond the peak position of PE (e.g., 
at 13.6 kOe), where the pinning has almost vanished, the peak at ~ 0.25 Hz is the most 
dominant feature (cf. Fig. 2(p)). In Fig.2(q), which correspond to 16 kOe, the bands at 
0.25 Hz and 0.5 Hz (though weak in amplitude), are clearly identifiable. The continuing 
presence of a significant fraction of the weakly pinned phase of vortices in a dynamically 
coexisting two phase mixture  across the entire PE regime18 could rationalize the position 
of the peak at ~ 0.25 Hz in the noise power spectra. Also, significant to note, the noise 
power spectrum in the normal state is featureless (cf. Fig.2(r) and Fig.2(n)). In the 
parameter regime investigated, we determined from the power spectra of temperature 
fluctuations (data not shown here) recorded at different H that the temperature 
fluctuations were random and did not correlate with the characteristic peaks in the 
voltage spectra and thus do not account for their presence and/or evolution. 
The observation that the low frequency mode(s) are excited in the driven (by Idc) vortex 
solid prior to the PE, led us to explore the effect of an ac current (Iac) superimposed on 
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Idc. Fig.3 shows the measured dc voltage response (Vdc) for a current, I = Idc + Iac, where 
Idc = 22 mA and Iac = I0Cos(2πft), with I0 = 2.5 mA. The frequency (f) was varied in 
discrete steps in Fig.3. The mean Vdc level of about 8 μV in Fig.3 corresponds to Idc of 22 
mA (compare this with inset (a) in Fig.1). The observation of large (~100%) excursions 
in the measured Vdc signal at harmonics of 0.25 Hz indicates a significantly large 
nonlinear response in the traditionally assumed linear, weakly disordered - driven vortex 
solid prior to the PE. The features such as in Fig.3 progressively degrade as the PE sets in 
and field further enhances into the PE regime.   
We propose that the resistance of the sample varies as 
, under the influence of current, I = Idc +Iac. 
Here, R0 is the resistance of the sample in response to the Idc alone, Rn and Rn/ are the f 
dependent coefficients of the in-phase and out-of-phase responses, and f0 is the 
characteristic frequency of fluctuations. The f0 (= 0.25 Hz) corresponds to the peak value 
in the power spectrum for H = 7.6 kOe and T = 4.5 K in the panel (n) in Fig.2. Taking the 
time average of the expression, V = IR, yields, Vdc = IdcR0 ± (I0Rn)/2, at f = nf0. From the 
very large fluctuations (~100%) seen in Fig.3, it is clear that (I0R1)/2 ≈ IdcR0 or R1 ~ 20 
R0, is a substantially large component excited at f = f0. Similarly, at f = 2 f0, R2 ~ 15 R0. 
Notice from Fig.3, that the nonlinear response can be easily seen upto f = 5 f0 (see the 
positions of black arrows in Fig.3). The envelope of the amplitude of fluctuations in Fig.3 
appears to decrease upto 5 f0; thereafter, the envelope regenerates itself into second and 
third cycles of oscillations, but, with progressively, reduced intensities. A maximum in 
the envelope of the amplitude is also present at about 2 Hz. Thus, a small perturbation 
)]2()2([ 0
/
1
00 tfnSinRtfnCosRRR n
n
n ππ +±= ∑
=
m
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with Iac ~ 0.1 Idc triggers large fluctuations along with a higher-harmonic generation 
indicating a highly nonlinear nature of the dynamics. 
 
While above features are absent, we find additional features in V(t) appearing at the onset 
of the PE. By capturing V(t) with a higher time resolution of 1.25 ms, we find  the onset 
of PE shows an interesting intermittency behavior in the fluctuation. The inset (a) in Fig.3 
shows intermittent large voltage (≡ velocity) bursts, which are almost twice as large as 
the mean level of ~ 150 μV  at T = 6 K (i.e., closer to Tc(0)) and near the onset field of 
the PE at that temperature (i.e., at 2.2 kOe). Such bursts are followed by time intervals, 
when the fluctuations are nearly periodic. Similar fluctuations are found in the 
simulations reported by Olive and Soret (OS)17 for the driven plastically deformed vortex 
state. OS17 proposed that the above intermittent fluctuations signal the onset of a chaotic 
motion, wherein intermittently, the vortex motion within mobile vortex channels 
periodically synchronizes with the fluctuating vortices trapped in the pinned islands 
leading to periodic fluctuations.  We assert that we have uncovered in the time series data 
an evidence for substantial nonlinear fluctuations even in the preceding region II 
preceeding PE along with the onset of chaotic motion in the driven plastic phase in region 
III.  
 
In the driven vortex matter velocity fluctuations exist in the range of the washboard 
frequency28 ~ 0.1-1 MHz, which arises when periodically spaced vortices are driven over 
pins. The appearance of a large enhancement in the nonlinear I-V characteristics across 
the PE region7 with  low frequency noise in the range of few Hz7,11,12,13,15,16 (<< 
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washboard frequency) has been analyzed invoking the edge contamination model11,12. In 
our case, vortices need about 0.1 s to traverse the typical width of our sample of ~ 0.1 cm, 
with a vortex velocity , u = <V(t)>/(d.B) ~ 10-2 m/s( = 1 cm/s), where V ~ 10 μV 
observed at 30 mA, B =μ0H = 1 T, and d is the distance between the electrical contacts = 
10-3 m. Therefore, the injection rate of disordered vortices into the moving vortex 
medium from irregularities at the sample edges is ~ 10 Hz, which via the edge 
contamination model should result in velocity fluctuations in a frequency range close to 
10 Hz. In the PE region the observed peak in the fluctuation spectrum is centered around 
2 Hz (cf. Fig.2(o)) which could be termed as consistent with earlier observations of peak 
in noise power in similar frequency range in the PE regime of NbSe2 [Ref.12] and 
YBa2CuO7-δ [Ref.14]. Paltiel et al.11,12 had rationalized the peak in the noise power 
density at 3 Hz in the PE regime via the edge contamination framework. However, in the 
weakly disordered – driven vortex state prior to PE (the so called elastic vortex state), we 
also observe a much lower frequency of 0.25 Hz (cf. Fig.2 (g)), which as per the edge 
contamination model would imply an effective sample width of 4 cm (with u = 1 cm/s) 
>> actual sample width (~ 0.1 cm). We also show in the inset (b) of Fig.3 an evolution in 
these characteristic fluctuations frequencies with velocity (u) of the vortices. Significant 
variation in <V(t)> and hence u is obtained by performing V(t) measurements at different 
T (i.e., higher T) and H. From a conventional noise mechanism, e.g., edge contamination 
model, one would expect the higher frequency should increase with u (equivalent to the 
disorder injection rate) without showing any tendency towards saturation. However, this 
is not the case here as seen in the inset (b) of Fig.3. The lower frequency appears to be 
nominally velocity independent. We may clarify that in certain velocity regimes only one 
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of the two frequencies survives. We believe that the detailed richness of the fluctuations 
in our data does not find a rationalization within the present formulation of the edge 
contamination model11,12.  
 
At the end, we propose that the nonlinear response deep within the driven elastic medium 
is related to a possible transformations in the vortex matter observed deep within the 
elastic phase26,27. Complex nonlinear systems under certain conditions can produce slow 
spontaneous organization in its dynamics. Under the influence of a sufficient driving 
force, the system can exhibit coherent dynamics, with well-defined one or more 
frequencies29. The evolution of fluctuations, such as those illustrated in Fig.2, can be 
viewed as the complex behavior of a nonlinear driven vortex state with multiple attractors 
(stable cycles). Underlying phase transformations in the driven vortex state induce the 
system to fluctuate between different stable cycles, leading to a typical spectrum of 
fluctuations discussed in Fig.2. The above nature may lead to extreme sensitivity of the 
driven vortex system to the low amplitude perturbations, as is shown in Fig.3.  
 
In conclusion, we have investigated the nature of vortex velocity fluctuations in the time 
domain and have uncovered signatures of complex nonlinear dynamics. We find new 
regimes of coherent driven dynamics in the elastic phase with distinct frequencies of 
fluctuation. These regimes are a precursor to chaotic fluctuations we observe deep in the 
plastic regime.  We hope that the results presented will motivate the need to look beyond 
existing models to unravel the nature of organization of vortex trajectories and the flow 
within the elastically driven vortex medium prior to PE.  
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Figure captions: 
Figure 1. R(H) curves at 4 K(red circles) and 4.5 K(green triangles) measured with Idc 
=30 mA and for H || c in 2H-NbSe2. Inset (a) shows V-Idc characteristics (open circles) 
and dV/dIdc versus Idc (filled squares) at T = 4 K and H = 7.6 kOe and the red line 
represents the fit, V ~ (Idc (in mA) – 18)2. Inset (b) displays vortex phase diagram in the 
given crystal at  Idc =30 mA.  
 
Figure 2. Panels (a) to (f) represent the fluctuations in voltage V(t) measured at different 
fields at 4.5 K after Idc of 30 mA was switched on. Panels (g) to (l) in Fig.2 are the 
voltage – voltage correlation function (C(t)) calculated (see text for details) from V(t)/V0 
corresponding to the panels (a) to (f), where V0 represents the voltage measured by 
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averaging over a hundred readings at fixed H and T and Idc. Panels (m) to (r) show the 
amplitude of the FFT spectrum calculated from the C(t) in panels (g) to (l) (see text for 
details). 
 
Figure 3. Vdc versus frequency (f) for Idc (= 22 mA) + I0 (= 2.5 mA) Cos(2πft). The Iac + 
Idc was chosen so that the mean voltage level was comparable to that without Iac and Idc = 
30 mA at 7.6 kOe. Inset (a) shows V(t) measured with time resolution of 1.25 ms, at 
onset of PE at 6K and 2.2 kOe. Inset (b) shows the evolution of the characteristic 
frequencies with velocity of vortices (u) (see text for details)).  
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